Introduction {#Sec1}
============

Coping with the complexity and challenges of our daily life requires cognitive flexibility and control of our emotions and behavior. Executive functions like planning ability, response inhibition and working memory are essential to act in a goal-directed manner and to successfully master intricate situations. Cognitive control over attention is particularly important to simply focus on task-relevant information and to not get distracted by external or internal emotional stimuli^[@CR1]^. Deficits in cognitive control are often involved in psychopathology of psychiatric diseases^[@CR2],[@CR3]^. For instance, patients suffering from depression show an enhanced attention and an increased memory for negative emotional content^[@CR4]^. This negativity bias is discussed to be caused by an impaired cognitive control over the regulation of affect as they get more easily distracted by negative stimuli^[@CR5]^. On a neural basis, depression is associated with a decreased activity of the dorsolateral prefrontal cortex (dlPFC)^[@CR6],[@CR7]^. As shown in several lesion and neuroimaging studies the underlying neural mechanisms of executive functions seem to involve the dlPFC as well^[@CR8]--[@CR10]^ and deficient cognitive control in depressive patients is associated with a hypoactivity in this brain region^[@CR11],[@CR12]^.

Over the past years this association between cognitive control and dlPFC activity has also been investigated by several neurostimulation studies^[@CR13]--[@CR15]^. Transcranial direct current stimulation (tDCS) is a well-established and non-invasive technique to induce targeted modulation of cortical activity. It causes subthreshold alterations of the resting membrane potential and, subsequently, induces transient changes in cortical excitability^[@CR16]^. Typically, anodal stimulation leads to an increase in excitability, while cathodal stimulation decreases it^[@CR17]^. Several studies have been performed to examine the impact of tDCS on cognitive processes^[@CR18],[@CR19]^. With regard to executive functions, anodal stimulation of the dlPFC has been associated with better working memory performances^[@CR20]^, improved cognitive control^[@CR21]^ and enhanced planning abilities^[@CR22]^. Further, it has been shown that anodal tDCS over the left dlPFC improves impaired cognitive control in patients suffering from depression^[@CR15]^, whereas cathodal stimulation of the left dlPFC in healthy subjects elicits deficits in cognitive control over negative stimuli^[@CR23]^. Therefore, tDCS potentially is a promising approach to support conventional therapies for psychiatric disorders.

The present study is investigating whether 20 min of anodal tDCS over the left dlPFC affects performance in a potentially stressful and frustrating task. Participants were administered an adaptive and more challenging 2-back version of the Paced Auditory Serial Addition Task (PASAT). Previous data provided evidence that anodal dlPFC stimulation during PASAT performance improves processing speed, presumably by enhancing cognitive control on negative and distracting self-referential processes and thus suppressing task-related negative affect^[@CR24]^. In line with these findings, we hypothesize to find improved processing speed and a stabilization of affect with concurrent anodal tDCS. By enhancing the activity of the dlPFC, we expect improved control on distracting changes in affect elicited by the PASAT and facilitate goal-directed behavior.

Results {#Sec2}
=======

Study Sample {#Sec3}
------------

Participants were randomly assigned to the order of stimulation they received during the two experimental sessions, i.e. whether their first condition was the stimulation session and the second condition the sham stimulation session (n = 11) or vice versa (n = 11). The two resulting groups showed no significant differences with respect to age, years of education, body mass index, math performance in school and their subjective estimate of their mathematical skills. Table [1](#Tab1){ref-type="table"} shows the demographic data in more detail.Table 1Demographic data.Stimulation order*tp*Verum/shamSham/verumMean (SD)Mean (SD)Age \[years\]24.0 (3.2)23.2 (2.8)0.640.53Years of Education \[years\]16.7 (3.5)17.1 (3.3)−0.250.80Body mass index \[kg/m^2^\]22.92 (1.78)22.48 (2.11)0.590.56Math performance (school)\*10.1 (3.2)10.5 (3.0)−0.270.79Math performance (subjective)\*\*3.2 (1.5)2.7 (1.3)0.740.47The two groups according to stimulation order did not show any differences according to the collected data.\*According to the German academic grading system (15-point scale with 15 = very good, 0 = very bad).\*\*Estimates were assessed on a 7-point Likert scale (1 = very good, 7 = very bad).

Task Performance (PASAT) {#Sec4}
------------------------

The total number of trials for each participant was variable, because the inter-stimulus interval (ISI) was adapted according to the participants' performance while the time each task block lasted remained unchanged. Thus, the adaptive design prevented significant differences in accuracy between participants. The relative frequency of errors in the PASAT did not differ between verum and sham stimulation, *t*(21) = 0.21, *p* = 0.84. Task performance was measured with respect to the number of correct trials in each task block of the PASAT. Figure [1](#Fig1){ref-type="fig"} depicts the number of correct trials in each block for sham and anodal stimulation. An ANOVA with the repeated-measure factors *stimulation*~[verum,sham]{.smallcaps}~ and *block*~[one,two,three]{.smallcaps}~ yielded a significant main effect of *block*~[one,two,three]{.smallcaps}~, *F*(2,42) = 8.13, *p* = 0.001, η~p~^2^ = 0.28, indicating a learning effect. The main effect of *stimulation*~[verum,sham]{.smallcaps}~ was not significant, *F*(1,21) \< 1, *p* = 0.94. However, a significant interaction between *block*~[one,two,three]{.smallcaps}~ and *stimulation*~[verum,sham]{.smallcaps}~ emerged, *F*(2,42) = 3.61, *p* = 0.036, η~p~^2^ = 0.15. Follow-up paired t-tests, with a Bonferroni corrected threshold for significance $\documentclass[12pt]{minimal}
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                \begin{document}$$(p < \frac{\alpha }{6}=0.008\bar{3})$$\end{document}$, detected a significant increase in correct trials from task block 1 to task block 3 during the stimulation session, *t*(21) = −3.97, *p* \< 0.001, whereas this increase in correct trials was not significant during the sham stimulation session, *t*(21) = −1.70, *p* = 0.10. The increase in correct trials from task block 1 to task block 2 was neither significant for the verum stimulation session, *t*(21) = −0.72, *p* = 0.48, nor for the sham stimulation session, *t*(21) = −1.44, *p* = 0.17. The increase in correct trials from task block 2 to task block 3 was significant during the verum stimulation session, *t*(21) = −3.28, *p* = 0.004, but not during the sham stimulation session, *t*(21) = −0.56, *p* = 0.58. This suggests that anodal stimulation increases the learning effect.Figure 1Mean numbers of correct trials with regard to stimulation. In an ANOVA the interaction of *block*~[one,two,three]{.smallcaps}~ and *stimulation*~[verum,sham]{.smallcaps}~ was significant, driven by an enhanced learning effect under verum stimulation. Error bars depict standard errors of the mean (n = 22).

Effect of Concurrent tDCS on Task-induced Mood Changes {#Sec5}
------------------------------------------------------

There was a significant correlation between the changes in positive and negative affect (rho = −0.37, p = 0.013), indicating the two do not evolve independently. Affective states before and after the PASAT were analyzed in an ANOVA with the within-subject factors *stimulation*~[verum,sham]{.smallcaps}~, *time*~[pre,post]{.smallcaps}~ and *affect*~[positve,negative]{.smallcaps}~. The three-way interaction of *stimulation*~[verum,sham]{.smallcaps}~, *time*~[pre,post]{.smallcaps}~ and *affect*~[positve,negative]{.smallcaps}~ was significant, *F*(1,21) = 4.90, *p* = 0.038, η~p~^2^ = 0.19. Follow-up paired t-tests detected trends for a decrease in positive affect from pre- to post-task condition, *t*(21) = 1.95, *p* = 0.065, and for an increase in negative affect, *t*(21) = −1.88, *p* = 0.074, under sham stimulation. In contrast, no significant changes in affect were detected during verum stimulation, neither for positive, *t*(21) = 0.04, *p* = 0.97, nor for negative affect, *t*(21) = −0.68, *p* = 0.50. Of note, the positive affect immediately after the PASAT was significantly higher in the verum compared to the sham stimulation session, *t*(21) = 2.33, *p* = 0.030. A trend emerged for lower negative affect after verum compared to sham stimulation, *t*(21) = −1.85, *p* = 0.079. Figure [2](#Fig2){ref-type="fig"} depicts the positive and negative affect rating scores before and after task completion with respect to stimulation condition.Figure 2Changes in positive and negative affect with regard to stimulation. The three-way interaction of *stimulation*~[verum,sham]{.smallcaps}~, *time*~[pre,post]{.smallcaps}~ and *affect*~[positve,negative]{.smallcaps}~ was significant suggesting changes in affect in response to the task according to stimulation condition. Error bars depict standard errors of the mean (n = 22).

Correlation Between Mood Changes and Task Performance {#Sec6}
-----------------------------------------------------

To examine whether there was a relationship between affect and task performance, changes in affect (PANAS~[post]{.smallcaps}~ -- PANAS~[pre]{.smallcaps}~) during the first session were correlated with the increase in the number of correct trials (block~3~ -- block~1~). Neither for positive, rho = 0.22, *p* = 0.33, nor for the negative affect, rho = −0.20, *p* = 0.37, a significant rank correlation coefficient emerged.

tDCS Adverse Effects {#Sec7}
--------------------

At the end of both sessions participants' adverse tDCS sensations were examined^[@CR25]^. No significant differences were found between sham and verum stimulation session. Mainly, subjects felt slight tingling at the side of the electrode. Table [2](#Tab2){ref-type="table"} illustrates the adverse effects of tDCS in more detail.Table 2tDCS adverse effects.SensationSham tDCSAnodal tDCS*tP*Mean (SD)Mean (SD)Tingling at the site of the electrode1.73 (0.98)2.23 (1.23)−1.670.11Tingling elsewhere in the area of the head1.09 (0.29)1.23 (0.61)−1.140.27Exhaustion1.05 (0.21)1.05 (0.21)0.001.00Slight itching1.55 (0.86)1.82 (1.05)−0.950.36Headache1.00 (0.00)1.00 (000)------Nausea1.00 (0.00)1.00 (0.00)------Adverse sensations were assessed on a 5-point Likert scale. No significant differences between sham and anodal stimulation condition were detected (n = 22).

Discussion {#Sec8}
==========

The present study aimed at adding evidence that anodal tDCS over the left dlPFC can improve cognitive control in terms of effective information processing under challenging, repeatedly frustrating conditions. We found that, in line with our previous results^[@CR24]^, activity enhancing stimulation during task completion improved performance gains and was associated with a concomitant stabilization of affect. These data support the notion that anodal tDCS can exert beneficial effects on cognitive control of distractive negative information^[@CR15]^ and may be harnessed for a more targeted treatment of cognitive control deficits in psychiatric disorders.

Our findings open two different but congruent perspectives on the modulatory effects of tDCS, namely on cognition and emotion. On the one hand, stimulation parallel to task performance improved goal-directed information processing, on the other hand, it prevented a deterioration in affect in response to the task. Even though the entanglement of these domains is common knowledge and essential for successful behavior, current brain stimulation research has predominantly focused on one or the other and little is known about the relevance of their mutual interactions. For instance, a convincing line of evidence exists for the efficacy of prefrontal brain stimulation as an antidepressive treatment^[@CR26]--[@CR28]^. In parallel, stimulation of this area has been shown to support performance and training of various executive functions^[@CR29]^ like, for instance, planning ability^[@CR22]^, working memory^[@CR30]^, or improved problem solving^[@CR31]^. However, some studies have addressed effects of tDCS on the interaction of emotion and cognition by demonstrating faster responses when inhibiting a habitual response to happy compared to sad facial expressions^[@CR32]^ or by counteracting an attentional bias for emotional stimuli in depressive patients^[@CR15]^. Integrating these findings and knowledge on the neural mechanisms of depression^[@CR11]^ it has been suggested that the enhancement of prefrontal activity by transcranial brain stimulation can improve executive functioning including deficient inhibition on limbic brain structures^[@CR21],[@CR33]^. In line with this concept, anodal tDCS to the left dlPFC can facilitate performance gains in a task requiring cognitive control of negative affect. Therefore, the present data provide further evidence for the involvement of the dlPFC in cognitive control^[@CR9],[@CR10]^ and confirm its malleability by tDCS.

It is important to note that Pope *et al*.^[@CR34]^ demonstrated that 2 mA anodal tDCS to the left dlPFC can improve performance in the Paced Auditory Serial Subtraction Task (PASST). Markedly, they did not find effects on the PASAT. They argue, that tDCS particularly improves cognitive performance when tasks are difficult. However, in their study, a non-adaptive and thus less difficult PASAT was used. Thus, the results are consistent with our previous study using a more challenging adaptive 1-back PASAT^[@CR24]^ and the current data involving an even more difficult adaptive 2-back PASAT. However, since subjective ratings on attention and mental fatigue did not differ between stimulation and sham condition the authors speculate that the enhancement of performance is due to improved executive functioning or cognitive capacity. This is plausible but affective changes that might have been relevant, were not assessed. Another difference is the use of 1 mA stimulation intensity in the present study whereas Pope *et al*.^[@CR34]^ and several other studies applied 2 mA. Considering the often non-linear interactions between stimulation intensity and behavioral effects^[@CR35]^, the efficacy of both stimulation intensities while using extracephalic return electrodes demonstrates the robustness of the effect.

Importantly, our conceptual replication of the prior results^[@CR24]^ with a more challenging 2-back version of the PASAT strengthens the notion of a mutual improvement of performance and affect by means of enhancing prefrontal brain activity. However, the specific relationship between these two aspects of improvement remains unresolved. Theoretically, the modulation of affect and task performance could occur independently. Nevertheless, in the light of the intricate interaction of emotion and cognition in the brain^[@CR36],[@CR37]^, it appears rather unlikely that this stabilization of affect under challenging conditions could represent a mere epiphenomenon occurring independently from the concurrently improved performance. Therefore, it is reasonable to assume that focused information processing was improved by tDCS-enhanced cognitive control as reflected in enhanced processing efficacy and less occupation with negative thoughts. However, the lack of significance of the correlations between changes in affect and task performance does not support this notion but can probably be explained by a too small sample size and an insufficient precision of the PANAS.

Of note, beneficial effects of prefrontal activation with tDCS on the inhibition of distracting information is not limited to emotional content but most likely occurs in a range of diverse processes enabling focusing attention and goal-directed behavior. Several studies demonstrate that an attentional shift from external as well as self-related distractors towards task-relevant information can be facilitated by tDCS. Metuki *et al*.^[@CR31]^ for example observed that participants with lower approach motivation did benefit more from anodal tDCS over the left dlPFC in a solution recognition task compared to participants with higher approach motivation. Since it can be assumed that decreased motivation positively correlates with the chance of being distracted, this might also be in line with the hypothesis that distracting information can be inhibited by tDCS. Furthermore, interindividual variability of the distractive nature of a stimulus must be considered. For instance, Sarkar *et al*.^[@CR38]^ demonstrated opposite effects of tDCS on an arithmetic decision task with regard to mathematics anxiety. Whereas stimulation improved task performance and decreased cortisol levels in individuals with high mathematics anxiety, reactions were impaired in individuals with low mathematics anxiety and no decrease in cortisol levels was observed. As outlined above, this is in accordance with the assumption that tDCS reduces negative distracting information when present. Taken together, in context of previous work our results support the idea of the dlPFC being involved in top-down regulation of task-oriented information processing and suppression of task-irrelevant information. This capacity appears to be supported by concomitant tDCS.

From a clinical perspective, increased attention to negative stimuli, unbalanced emotion processing and higher levels of self-referential negative affect are characteristic of depression^[@CR4]^. The administration of the PASAT has been shown to evoke negative emotional states by frustration and causes increased self-referential thinking and rumination in healthy subjects^[@CR39],[@CR40]^. Therefore, the PASAT appears to challenge neurocognitive networks, particularly the prefrontal cortex^[@CR41]^, that are critically involved in cognitive control^[@CR42]^ and the pathophysiology of depression^[@CR5]^. By functionally targeting these networks in patients with deficient cognitive control, a combination of PASAT training and anodal tDCS to the prefrontal cortex could be able to leverage therapeutic efficacy^[@CR43]^.

Several limitations should be considered. First, the affective state was only measured before and after the PASAT. Therefore, respective information during the PASAT is missing and should be the subject of future studies. Second, the use of self-report questionnaires might not be sufficiently precise to detect small or latent mood changes. Especially in the negative affect there might be a floor effect. Therefore, neurophysiological signatures of the effects should be obtained in future studies. Third, the single blind design of the study might have influenced the dependent variables, however, to avoid this all instructions were given following a fixed detailed script. Fourth, it could be assumed that the mood deteriorations we observed during sham stimulation occur because a worse task performance and therefore more frequent error feedback. However, due to the adaptive task design of the 2-back PASAT, a better performance is linked with a faster stimulus presentation, which in turn leads to more mistakes. This is indicated by similar percentages of error feedback between the conditions.

In summary, our data provide further evidence that anodal electrical stimulation of the left dlPFC stabilizes affect under cognitively challenging conditions and shifts attention from distracting stimuli towards task-relevant processing and, thereby, facilitates goal-directed behavior. This underlines the essential role of the dlPFC in executive functioning and efficient cognitive control. Particularly in the clinical context, prefrontal tDCS in combination with training of cognitive control might be a potential approach to complement conventional therapies for psychiatric disorders but more research is needed to decipher the effectiveness of stimulation protocols and its biological basis.

Materials and Methods {#Sec9}
=====================

Participants {#Sec10}
------------

According to a power analysis performed by G\*Power (Version 3.1) based on the effect size of previous results^[@CR24]^ (ANOVA, repeated measures, within factors: η~p~² = 0.18 (f = 0.47), α = 0.05, power = 80%, nonsphericity correction ε = 0.20) a sample size of N = 17 would be large enough to detect differences between conditions. To correct for a possible overestimation, we increased the sample size by 1/3^rd^ to 22 subjects.

Hence, 22 healthy, male participants aged between 18--30 years took part in this experiment. Screening excluded participants with a history of any mental or neurological illness, dyscalculia, metallic foreign particles around the head, a cardiac pacemaker, and the usage of anti-psychotic, hypnotic, or sedative medications. The participants (mean age: 23.6 years, SD = 3.0; mean education: 16.9 years, SD = 3.3) were all right-handed according to the Edinburgh Handedness Inventory (LI = 96.61, SD = 8.29)^[@CR44]^, non-smoking and German native speakers. All participants gave written informed consent to the experimental procedure prior to study conduction. The study was performed in accordance with the Declaration of Helsinki and approved by the University of Tübingen local ethics committee.

Adaptive 2-Back Paced Auditory Serial Addition Task (PASAT) {#Sec11}
-----------------------------------------------------------

The Paced Auditory Serial Addition Task (PASAT) has originally been designed to assess cognitive impairments after traumatic brain injury^[@CR45]^ but has later been developed into a computer-based version to induce stress under standardized conditions to assess neuropsychological functioning^[@CR46]^. In the task of this study, single digits ranging from 1 to 9 were presented via headphones. The participants were asked to add the currently named number to the number named before the previous one and type in the correct result by pressing the correspondingly labeled keyboard button. This more difficult 2-back version of the PASAT was developed to sufficiently challenge cognitive control in the healthy young participants. For each trial, they received visual feedback simultaneously with the onset of the next stimulus. Specifically, the screen flashed green for a correct answer and red for an incorrect, late or missed answer. The inter-stimulus interval (ISI) between digit presentations was initially set to 3 s but was decreased by 0.1 s if the participant gave four consecutive correct answers and increased by 0.1 s after four consecutive false answers. Therefore, the total number of trials was variable and dependent upon the participant's performance. The PASAT consisted of 16 practice trials followed by three task blocks lasting for 5 min each, which were separated by breaks of 30 s. The total number of correct responses was used as dependent variable. To increase the participants' ambition, they were informed that the three best participants receive vouchers valued 15 €, 10 € and 5 €, respectively.

Positive and Negative Affect Schedule (PANAS) {#Sec12}
---------------------------------------------

The Positive and Negative Affect Schedule (PANAS) is a self-report to determine the participants' current affective states^[@CR47]^. In this study, the German version of the PANAS was used^[@CR48]^. It comprises 20 items which were rated on a five-point Likert scale ranging from 1 'not at all' (in German: 'gar nicht') to 5 'very much' (in German: 'äußerst') to measure positive or negative affect (10 items each). To assess changes in any of the affective states during the experimental procedure participants completed the PANAS twice throughout each session: before starting the PASAT (pre) and immediately after they completed the PASAT (post).

Transcranial Direct Current Stimulation (tDCS) {#Sec13}
----------------------------------------------

A direct current of 1 mA was generated by a portable, battery-driven stimulator (NeuroConn GmbH, Illmenau, GER) and applied via a pair of 5 × 7 cm electrodes. The anodal electrode was encased in saline-soaked sponges and additionally covered with conductive paste (Ten20®, Weaver and Company, Aurora, CO) and placed over the left dlPFC at F3 according to the international 10--20 system of electrode placement^[@CR49]^. The cathodal reference electrode was fixated on the right upper arm over the deltoid muscle to prevent any opposite polarization of other brain regions^[@CR15],[@CR50]^. The stimulation onset was 2 min before the participants started the PASAT and the current was faded in for 5 s. During the anodal stimulation session, a continuous current of 1 mA was delivered for 20 min until task completion and then faded out for another 5 s, whereas during the sham condition the current was only administered for 30 s before it was ramped down for 5 s. The impedance was controlled by the device and ranged below 10 kΩ.

Experimental Procedure {#Sec14}
----------------------

The study followed a single-blind, sham-controlled, within-subject design. Each participant attended two sessions, which differed in the type of stimulation (sham/verum) they received during task completion. The order of stimulation was counterbalanced across participants and the second session followed 7 days after the first one. To minimize variability, all sessions started at 2 pm. Before the beginning of the first session subjects signed the informed consent and participated in a brief screening including the Symptom-Checklist-90-Revised (SCL-90-R) to determine the global distress level (GSI)^[@CR51]^ to ensure the inclusion criteria. From here on the experimental procedure was the same for both sessions except for the administered stimulation. To avoid influences by the single-blind design of the study on the dependent variables, all instructions were given following a fixed detailed script. The participants were equipped with tDCS electrodes and, in the context of another research question, a peripheral venous catheter was placed. Then the first PANAS was administered. While receiving tDCS (sham or verum) they were exposed to the 2-back PASAT. Immediately after task completion the PANAS was administered for a second time. Finally, subjects were asked about their tDCS adverse sensations.

Statistical analysis {#Sec15}
--------------------

All statistical calculations were performed with SPSS (IBM SPSS Statistics 22.0; Ehningen; Germany). As a measure of task performance the number of correct trials was used instead of the ISI, as the number of correct trials is a more sensitive and direct measurement, because the ISI did just change after each run of four consecutive correct or four consecutive false trials. Mean numbers of correct trials in each of the three task blocks were extracted from the adaptive 2-back PASAT as measure of task performance. To detect any stimulation effects these values were subjected to an ANOVA with the within-subjects factors *stimulation*~[verum,sham]{.smallcaps}~ and *block*~[one,two,three]{.smallcaps}~. Results were considered significant when p \< 0.05. Post-hoc pairwise comparisons were performed after significant interactions.

For the PANAS, means were calculated for the 10 items each comprising positive and negative affect. The scores of the two PANAS questionnaires administered before and immediately after the PASAT were subjected to an ANOVA with the within-subjects factors *stimulation*~[verum,sham]{.smallcaps}~, *time*~[pre,post]{.smallcaps}~ and *affect*~[positve,negative]{.smallcaps}~. Besides, the PANAS questionnaire administered immediately after task completion was examined in more detail by subjecting the mean scores for positive and negative affect to an ANOVA with the within-subject factors *stimulation*~[verum,sham]{.smallcaps}~ and *affect*~[positve,negative]{.smallcaps}~. Paired t-tests were used to investigate item-specific differences according to stimulation condition.

To test for a correlation between affect changes (PANAS~POST~ -- PANAS~PRE~) and PASAT improvement (\#correct trials~Block\ 3~ - \#correct trials~Block\ 1~) Spearman's Rho nonparametric rank correlation coefficient for Likert scale differences was calculated. Only data from the first session of each participant were included in this analysis to ensure independence of the measures.
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